We investigated the long-term (up to 1 week) relationships between the duration of cerebral ischemia and postischemic energy metabolic profile, pH, and tis sue edema in the rat. Ten rats each were subjected to 8 or 12 min of forebrain ischemia induced by bicarotid occlu sion concurrent with systemic hypotension, and the re sults were compared with those of 10 sham-operated rat controls. In vivo 31p nuclear magnetic resonance spec troscopy was performed prior to ischemia and at intervals up to 168 h after ischemia. Cerebral edema (measured by specific gravity) was assessed prior to ischemia and at 24, 72, and 168 h after ischemia. The data revealed significant differences in the brain tissue pH profile over time be tween the ischemic groups (p < 0.03). The 12-min isch emic animals exhibited brain tissue alkalosis (pH = 7.27 ± 0.12) at 24 h compared with both sham (pH = 7.09 ±
We have previously reported that cerebral intra cellular pH in rat brain becomes significantly alka lotic �48 h after an 8-min ischemic insult (Chopp et aI., 1990a) . Chronic brain tissue alkalosis has also been detected in human stroke studies, both by nu clear magnetic resonance (NMR) spectroscopy (Levine et al., 1987 ; Welch et al., 1988) and by pos itron emission tomography (Syrota et aI., 1983 (Syrota et aI., , 1985 Hakim et aI., 1987; Senda et aI., 1989) tech niques. The alkalosis in human studies has been associated with poor neurologic outcome (Welch et aI., 1989) and infarct (Syrota et aI., 1985; Hakim et aI., 1987; Senda et aI., 1989) . In the present study we extend our previous work to explore the rela-0.08) at 24 h and preischemic (pH = 7.06 ± 0.04) pH values. The pH remained alkalotic (pH = 7.23 ± 0.15) through the 48-h time period. In contrast, in the 8-min group, the onset of alkalosis was delayed until 48 h after ischemia (pH = 7.24 ± 0.15), and pH remained alkalotic for only 24 h. No difference in high-energy phosphate metabolism was detected between groups. A different time dependence of tissue pH and specific gravity changes after 12 min of ischemia was detected. The present study suggests that the duration of an ischemic event marks the time of onset of brain tissue alkalosis and its duration and that cerebral edema alone cannot explain the pH changes. Key Words: Brain tissue alkalosis-31p Nuclear magnetic resonance spectroscopy-Rat fore brain ischemia-Specific gravity of ischemic brain.
tionship of the long-term brain energy metabolic profile and pH after ischemia to the duration of ischemia in an experimental forebrain ischemia model in the rat. We tested the hypothesis that the time course of brain tissue alkalosis is directly re lated to the duration of ischemic insult.
METHODS
Fifty-four male Wi star rats weighing between 220 and 300 g were used in these experiments. Ten rats each were subjected to 8 or 12 min of cerebral forebrain ischemia, and an additional 10 rats were sham operated without the induction of ischemia. Preliminary data on seven sham operated and eight of the 8-min ischemia animals have been reported (Chopp et al., 1990a) . Near-complete fore brain ischemia was induced by occlusion of both common carotid arteries and lowering of systemic arterial blood pressure to 50 mm Hg. The model has been described in detail by Smith et al. (1984a,b) .
All animals were fasted overnight before surgery, but allowed free access to water. Twenty-four to 48 h before ischemia, the rats were anesthetized with halothane (0.5%), N20 (70%), and O2 (30%) using a facemask and placed in the magnet to obtain control preischemic pH values. Postischemic NMR measurements began 24 h after ischemia to carefully control the induction of isch emia and to limit postischemic stress. In vivo 31p_NMR pH measurements were performed also at 48, 72, 96, and 168 h after ischemia for all three groups. During each NMR measurement, the animal was anesthetized as above. Body temperature was maintained at 37°C using a heating pad. NMR measurements never exceeded 30 min.
In vivo 31p_NMR studies were conducted using a 400-MHz vertical wide-bore (89-mm) Varian VXR 4000 spec trometer. A two-turn insulated 6-mm outer diameter sur face coil single tuned to the 31p resonance (161.9 MHz) was centered over the midline suture, midway between the bregma and lambda. Experiments performed in our laboratory using this coil confirmed no detectable signal contamination from scalp tissue. Spectral acquisition pa rameters selected to optimize sensitivity were 40-J.Ls pulse length, 12K data points, and 12-kHz spectral width. Field homogeneity was optimized by shimming on the water proton. The linewidth of the water peak was :;s100 Hz. One thousand transients was averaged. A recycle delay of 100 ms was used, giving a total interpulse interval of 603 ms. All spectra were processed using NMRI software (New Methods Research, Syracuse, NY, U.S.A.). Spec tra were zero filled to 16K data points and Fourier trans formed using either 10-or 20-Hz line broadening. Base line deconvolution routine was used to remove the broad component due to immobilized phosphates. Spectral components were fit to lorentzian curves, and then the area under each curve was determined by integration. The area ratios of 13-ATP to total phosphate (total phos phate = area of complete spectrum), phosphocreatine (PCr) to 13-ATP, and PCr to inorganic phosphate (Pi) were calculated as metabolic energy parameters. Area ratios were not corrected for relaxation time effects. Intracellu lar pH was calculated prior to baseline deconvolution from the chemical shift between PCr and inorganic phos phate (Moon and Richards, 1973; Chopp et aI., 1990a) . Maximum correction to pH values over the biological range of cation concentrations is likely :;s0.05 pH unit (Petroff et aI., 1985) .
Measurements of arterial blood gases during the acqui sition of 31p-NMR spectra were performed 24 or 48 h after 12 min of forebrain ischemia on five additional rats. The object of this experiment was to ascertain that changes in postischemic brain energy metabolism were not caused by postischemic respiratory dysfunction. Chronic mea surements of arterial blood gases were not performed on the sham or 8-or 12-minute ischemia groups, so as to minimize postischemic surgical intervention and stress.
Experiments were performed to explore the relation ship between brain intracellular pH and brain tissue spe cific gravity, as a measurement of cerebral edema (Mellergard et aI., 1989) , at time points before and after (24, 72, 168 h) ischemia. To determine pH, 31p_NMR spectroscopy was performed 24 h before a 12-min episode of transient forebrain ischemia and repeated at either 24 (n = 4) or 72 (n = 4) h after ischemia. Rats were decap itated after the final NMR pH measurements and the brains prepared for specific gravity measurements. Spe cific gravity was measured in three rats 1 week after isch emia. No NMR measurements were made in these ani mals. Specific gravity measurements were also performed in eight control rats not subjected to ischemia or NMR measurements.
For the specific gravity measurements, brains were rapidly removed after decapitation and immersed in ker osene to prevent drying. Two brain sections (3 x 3 x 3 mm3) were dissected from each animal, corresponding to the sensitive volume of tissue directly underneath the sur face coil from which NMR measurements were obtained. Specific gravity measurements of brain sections em ployed gradient columns of kerosene and bromobenzene, according to the methods of Marmarou et al. (1978) . The tissue was allowed to equilibrate for 2 min in the column before a reading was taken.
Data analysis
Repeated measures analysis of variance (ANOV A) was performed on pH and the area ratios, using Geisser Greenhouse-corrected p values. The 13-A TP-total phos phate ratio was transformed with an arc-sine transforma tion prior to analysis, because it is a proportion. This is done to stabilize the variances of the error terms, since the variance estimate of a sample proportion depends on the true proportion (Neter et aI., 1985) . The PCr/Pi ratio data were not normally distributed and were analyzed using the ranks of the data (Conover, 1980) because of some unusually high outliers, caused by errors in the es timation of small Pi areas.
If a statistically significant interaction between group and time was found in the repeated measures ANOV A, then ANOV A was performed at each time point. Bonfer roni's adjustment for multiple testing was used to deter mine significance. At each time point where a statistically significant difference was detected among the three groups, Tukey's pairwise comparison was performed to detect which pairs among the groups differed. Within each group, paired t tests were performed comparing each time point with preischemic values. ANOV A was also done to compare the preischemic and postischemic blood gas values.
In addition to the repeated measures ANOVA, the pro portion of animals that were alkalotic were compared be tween the 8-and 12-min groups with a likelihood ratio X 2 • Alkalosis was defined by the sham group mean + 1 SD. For the specific gravity experiment, measurements were compared among the four groups using ANOV A followed by Tukey's multiple comparison test if the ANOV A detected a difference. To compare pH values before and after ischemia, a paired t test was used for the 24-and 72-h groups. All data are presented as means ± SD. Table 1 lists the blood gas and serum arterial glu cose values for the ischemia and sham groups. A difference was not detected between the pre ischemia values for pH (p > 0.21) or Pcoz (p > 0.17), but was detected for POz (p < 0.02). Pairwise testing found a difference between the 8-min and sham groups (p < 0.05). No difference was detected in glucose values between groups (p > 0.13). The postischemic values of Pcoz were lower for the 8and 12-min groups compared with the sham groups (p < 0.05). However, P02 and Pco2 values were within normal physiological range for all groups pre and postischemia. Figure 1 shows spectra from a rat subjected to 12 min of forebrain ischemia, preischemia and at 24 h postischemia. With each set of spectra is shown the original spectrum and the corresponding NMR1processed spectrum from which metabolite area ra tios were obtained. Significant interactions between group and time were not detected for any of the area ratios �-ATP/total phosphate, PCr/�-ATP, or PCrl Pi for the three groups of animals, nor were overall group differences detected. Figure 2 is a bar graph of NMR-determined pH for the three groups of 12-and 8-min ischemia and sham-operated animals. An interaction between group and time (p < 0.03) was detected for pH, indicating that the groups behave differently across time. Marginally significant differences were de tected among the groups at the 24-(p < 0.02) and 48-h (p < 0.04) points. The 12-min ischemia group had an alkalotic pH at 24 (pH = 7.27) and 48 (pH = 7.23) h after ischemia compared with sham values (pH = 7.09,7.10) at these time points. The 8-min ischemia group had an alkalotic pH at 48 h (pH = 7.24) after ischemia compared with sham values. Maximum pH values ranged from 7.21 to 7.55 in the 12-min group and 7.25 to 7.44 in the 8-min group.
RESULTS
The 12-min ischemia animals were alkalotic for a longer time than the 8-min ischemia animals; pH was alkalotic compared with preischemia values at 24 (p < 0.001) and 48 (p < 0.009) h after ischemia, with a trend toward alkalosis at 96 h (p < 0.06) after ischemia. In contrast, the 8-min ischemia group was alkalotic only at the 48-h time point (p < 0.005) compared with preischemic values, but not at 24 h (p > 0.41). Seven of 10 12-min ischemia animals were alkalotic compared with sham pH + 1 SD for more than one 24-h interval in contrast to only 2 of 10 in the 8-min group. None of the 8-min ischemia animals were alkalotic, compared with either pre ischemic values or sham + 1 SD values, at 96 h or 1 week after ischemia. In contrast, 6 of 10 animals subjected to 12-min ischemia were alkalotic at ei ther 96 or 168 h after ischemia. 30 00 20 00 10 00 0,00 10 00 -20.00 -30 00 PPM FIG. 1. 31p nuclear magnetic resonance spectra from a representative rat pre ischemia (left) and 24 h after 12 min of fore brain ischemia (right). Bottom: Prior to de convolution to remove hump; middle: after deconvolution: top: curve fit spectra from which area ratios were calculated. Spectral peaks: 1, primarily phosphomonoesters; 2, inorganic phosphate; 3, phosphocreatine; 4, primarily "y-ATP; 5, primarily n-ATP; 6, �-ATP.
Chemical shift scales (ppm) for middle and top spectra are expanded to improve visual ization of spectral processing.
Bar graph of mean brain tissue pH ± SO measured prior to ischemia (time 0) and at time pOints after ischemia. (Open bar, sham-operated animals (n = 10); (hatched bar), 8-min ischemia animals (n = 10); (filled bar), 12-min ischemia animals. 'Significant differences (p < 0.009, paired t test) from preischemia values. The 12-min group also differed from the 8-min group in the onset time of alkalosis. Nine of 10 12min ischemia animals exhibited alkalosis in contrast to only 3 of the 8-min animals (p < 0.005) at 24 h after ischemia. The pH data thus indicate that isch emia produces chronically (;2.';24 h) an alkalotic pH after the ischemic event and that the duration and time of occurrence reflect the duration of ischemia. Table 2 lists NMR-measured pH and concur rently measured blood gas values. Blood gas values are within normal physiologic range, while brain tis sue pH is alkalotic. This indicates that brain tissue alkalosis is not caused by postischemic respiratory dysfunction. Figure 3 is a bar graph showing both tissue spe cific gravity and pH values for control (preisch emic) animals and animals subjected to 12 min of forebrain ischemia. At 24 h postischemia, the pH values, as noted above, were alkalotic compared with preischemia values (p < 0.001). However, no differences in specific gravity values between con trol and 24-h time points were detected. At 72 h post ischemia, specific gravity values were significantly lower than preis chemic values as well as at the other two time points (p < 0.05). In contrast, pH values did not differ from control (p > 0.34). Simi- larly, in those animals from which both brain pH and specific gravity data were obtained, brain pH at 24 h postischemia was alkalotic (pH = 7.31 ± 0.06) compared with preischemic values (pH = 7.07 ± 0.03; p < 0.003), and brain pH at 72 h postischemia (pH = 7.16 ± 0.12) did not differ from preischemic values (pH = 7.04 ± 0.03; p > 0.22). Specific grav ity values at 168 h postischemia increased (p < 0.05) compared with preischemia values. In con trast, the pH values at 168 h postischemia did not differ from control (p > 0.84). Thus, cerebral edema as measured by specific gravity is not concurrent with brain alkalosis.
DISCUSSION
We have previously reported a transient postisch emic brain tissue alkalosis at 48 h after an 8-min ischemia (Chopp et aI., 1990a) . We have now dem onstrated that the chronic pH profile after ischemia reflects the duration and presumably the severity of ischemic injury (Smith et aI., 1984a) . Severe isch emia (i.e., 12 min) causes an earlier (24 h) and a longer duration (;2.';48 h) of alkalosis than does a less severe (8 min) ischemia. One reason for postisch emic alkalosis may be that a severe cerebral isch emic insult causes cerebral edema with increase in extracellular space. Extracellular space is alkalotic compared with intracellular space by �0.3-O.4 pH unit (Mutch and Hansen, 1984; Kraig et aI., 1987) and, if increased, could shift inorganic phosphate in the 31p spectrum. No relationship was found be tween changes in specific gravity and brain pH. Therefore, edema is unlikely to cause an alkaline pH shift in ischemic brain, but rather brain alkalosis appears to precede cerebral edema as measured by specific gravity. We also tested whether brain tissue alkalosis was caused by postischemic alkalotic ar-::t: Q. terial pH or hypocapnia. Since postischemic blood gases were found to be within normal physiological range, brain tissue alkalosis cannot be attributed to abnormal blood gases. Other possible mechanisms for postischemic brain tissue alkalosis can be considered. The Na + -H + exchanger is found in all vertebrate cells (Krulwich, 1983; Aronson, 1985) . Although there is evidence in select cell systems (e.g., 3T3) that in tracellular sodium influx and hormonal and mito genic agents stimulate the N a + -H + exchanger to drive the intracellular pH transiently alkalotic (La garde and Pouyssegur, 1986; Sardet et aI., 1990) , direct evidence for such an effect in neuronal cells is lacking.
Intracellular pH has been found to increase up to 0.45 pH unit in regions of brain infarction in patients after onset of stroke symptoms (Syrota et aI., 1985; Hakim et aI., 1987) . The increase in pH correlated with a decrease in oxygen extraction fraction and perfusion in excess of metabolic demand. It is therefore possible that tissue progressing toward in farction tends to undergo glycolysis to produce ATP even in the presence of oxygen. CO 2 and other acid metabolites, now produced in small amounts in the ischemic tissue, are removed by local luxury perfusion, leading to alkalosis. Alkalosis may also reflect the presence of inflammatory cells or the stimulation of cell growth or both. Growth factor increases pH in fibroblasts (Schuldiner and Rozen gurt, 1982) , and brain tumors also exhibit an alka lotic pH (Oberhaensli et aI., 1986) . Brain tissue al kalosis has also been associated with necrotic brain tissue (Chopp et aI., 1990b) .
The increase in postischemic brain pH is indica tive of, or may itself cause, a decrease in intracel lular free Mg 2 + . Dietary depletion of Mg 2 + in rats causes brain intracellular pH fo become alkalotic were alkalotic compared with control (p < 0.001). In contrast, specific gravity values at 24 h did not differ from control at 72 h, were smaller than preischemia control values, and were greater than control at 168 h (p < 0.05). (Adam et aI., 1989) . Conversely, competitive bind ing of ATP to Mg 2 + and H + can result in a decrease in free Mg 2+ when H + is lowered. Control of Mg 2+ is vital to cellular homeostasis (Rubin, 1976; Ebel and Gunther, 1980; Rothman, 1983; Yang et aI., 1985) . Particularly, Mg 2 + has been shown to regu late N-methyl-D-aspartate-linked channels (Mayer et aI., 1984; Nowak et aI., 1984) . We speculate that Mg 2+ depletion, coupled to alkalosis, may there fore evoke ischemic cell damage, possibly by sen sitizing N-methyl-D-aspartate receptor activity.
In summary, the present study suggests that the duration of an ischemic event is marked by the time of onset and duration of alkalosis. Cerebral edema, as measured by specific gravity, and alkalotic and hypocapnic arterial blood gases are not associated with the brain tissue alkalosis. Whether the alkalo sis is secondary to ischemic cell damage or itself may contribute to ischemic cell damage remains to be determined.
